ABSTRACT: We report direct visualization of electrochemical lithiation and delithiation of Au anodes in a commercial LiPF 6 /EC/DEC electrolyte for lithium ion batteries using transmission electron microscopy (TEM). The inhomogeneous lithiation, lithium metal dendritic growth, electrolyte decomposition, and solid−electrolyte interface (SEI) formation are observed in situ. These results shed lights on strategies of improving electrode design for reducing shortcircuit failure and improving the performance of lithium ion batteries.
D
uring the charge−discharge of batteries, many electrochemical events can occur at the electrode−electrolyte interfaces such as lithium intercalation into the electrode, solid−electrolyte interface (SEI) formation, lithium dendritic growth at a high charge rate, and so on. 1 The dendritic growth of lithium metal on the electrode can lead to short-circuit and thus battery failure. To avoid dendritic growth, a slow charge rate has been incorporated, which is unfortunately one of the major issues of lithium ion batteries for powering electric vehicles. There have been a lot of efforts on the understanding of the mechanisms of lithium deposition on the electrode. 2, 3 Arakawa et al. designed an optical microscope system to observe the morphology change of the lithium anode during charge cycles. By direct visualization, they showed that needlelike lithium was formed during charge/discharge processes, which led to "dead lithium" 2 under localized deposition or dissolution. The amount of needle-like lithium is inversely proportional to the discharge current density. On the other hand, a high rate discharge results in the recombination of separated lithium, which help to improve the cycle performance. 2 Later, Yamaki et al. reported that lithium dendrites are whiskers and they might grow from their base electrode during electrochemical deposition. 3 They proposed that the electrodeposited lithium may break the protective film and lithium whiskers grow as extrusions through the resulting hole. 3 The visualization by in situ optical microscopy has advanced our understanding of lithium dendrite formation significantly; however, the detailed growth mechanisms at the nanometer scale are still unclear.
Another important issue at the interface is the formation of SEI. SEI is a passivation interfacial film formed from the reduction of the solvent of the electrolyte, which is critical to the cycleability in lithium ion batteries. Lots of efforts have been devoted to understand the nature of SEI, primarily by electrochemical tests and ex situ spectroscopy or microscopy techniques. The reported ex situ characterization techniques of SEI include atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and scanning tunneling microscopy (STM), the use of vibrational spectroscopy such as FTIR or Raman spectroscopy, and so forth. 4, 5 It is envisioned that SEI is a denser layer of inorganic components compact adhering to the electrode and a porous organic outlayer in contact with electrolyte. 6 However, it is unlikely that SEI preserves its pristine nature after steps of separation, washing, and isolation while performing ex situ studies since the SEI layer is highly sensitive to moisture, air, and other kinds of contaminations. For example, ROCO 2 Li reacts with water and decomposes into Li 2 CO 3 , CO 2 , and ROH; 7 ROCO 2 Li and ROLi react with CO 2 and form Li 2 CO 3 , 8 and so on. The irreversible changes can occur on the SEI layer, leading to modification and degradation of SEI. Therefore, the ex situ characterization has inherent drawbacks in the study of SEI, especially the initial layer during the electrochemical process. In situ characterizations such as wide-angle X-ray scattering (WAXS), small-angle X-ray scattering (SAXS), 9 and neutron reflectometry 10 have recently been employed to monitor SEI formation. For instance, the changes in lattice parameter or the depth profile of the scattering length density can be analyzed.
In situ liquid cell transmission electron microscopy (TEM) allows imaging chemical reactions in liquids with high spatial resolution, 11−15 which opens the opportunity to address key questions on the electrode−electrolyte interfaces in a battery cell. Williamson et al. 13 and Radisic et al. 14 reported imaging electrochemical deposition of Cu clusters and polycrystalline Au using an electrochemical liquid cell. Chen et al. 16 achieved anisotropic electrodeposition of nickel nanograins with a homemade TEM cell. Our group demonstrated unique electrochemical growth of single crystal lead dendrites through nucleation, aggregation, alignment, and attachment of randomly oriented small grains. 17 Similarly, White et al. 18 conducted electrodeposition and stripping of lead on polycrystalline gold electrodes with a similar electrochemical cell set up. A series of in situ TEM experiments were conducted in a nanobattery cell, such as electrochemical lithiation of SnO 2 nanowire, 19 Si nanowires 20,21 and nanospheres, 22 Si/CNF composite, 23 and other kinds of anode materials, 24 in which ionic liquid, Li 2 O or LiAlSiO x , was used as the electrolyte. Recently, it has been reported that morphology changes of Sn and Si electrodes can be captured in situ during Li ion cycling by liquid cell TEM where LiPF 6 /EC/DMC and LiClO 4 /EC/DMC electrolyte were used. However, the image resolution should be improved. 25, 26 So far, it is still a great challenge to study electrochemical processes with the commercial electrolyte for lithium ion batteries, such as LiPF 6 in organic solvent. This is because such electrolytes have high vapor pressure; thus it is difficult to handle, and lithium has low contrast during TEM imaging through the membrane window.
Here, utilizing our newly designed electrochemical liquid TEM cells, we observed electrochemical lithiation of Au electrode, dendritic growth of crystalline lithium structure, and the subsequent stripping of lithium and thinning of Li−Au layer under the applied cyclic voltammetry. In addition, we also captured the formation of SEI layer on the other side of the electrode, which is highly valuable to the understanding of correlation between cyclic stability and the passivating film formed during the charge−discharge process in real lithium ion batteries. Figure 1 is a schematic illustration of the real time observation of electrochemical reaction using the electrochemical liquid cell. The details on biasing liquid cell fabrication have been included in the Supporting Information (SI). The liquid electrolyte was loaded into the biasing cell through the reservoirs. Liquid flows into the cell by capillary force. After liquid loading, we used two pieces of Cu foil to cover the two reservoirs and sealed the liquid cell using epoxy. The sealed cell was put into our homemade TEM holder, and the gold wires bonded on the electrode pads of the biasing cell were connected to the electric pads at the tip of electrochemical holder, as shown in Figure 1A . Thus, an electric bias can be applied through an electrochemical workstation, which was connected to the electric pads through copper wires. Under the applied cyclic voltammetry (Figure 1B) , the detailed electrochemical reactions can be monitored in situ. In the current setup, we can observe both sides of the electrodes in the viewing window. SEI formation, Li dendrite growth, and Li−Au reaction on the electrodes have been observed. We first apply cyclic voltammetry with voltage range of 0 to −3 V (scan rate of 0.1 V/s) on the Au electrodes in the electrochemical liquid cell. Either the right electrode (RE) or the left electrode (LE) or both electrodes can be monitored by in situ TEM ( Figure  1C) . Figure 2A −J shows the sequential images representing the early stage of electrolyte decomposition, lithiation of gold electrode, and the subsequent growth and dissolution of lithium dendrites (also see Movie S1); Figure 1K shows the corresponding applied electrical potential and measured electrical current from frame A to frame J. Initially, surrounded by commercial battery electrolyte 1 M LiPF 6 in EC−DEC (ethylene carbonate/diethyl carbonate in a 1:1 volume ratio), the Au electrode appears to be smooth without obvious reaction until 27 s (Figure 2A ). When cyclic voltammetry is ramped at 0.1 V/s in the negative direction down to −2.75 V, some tiny bubbles (highlighted by purple arrows in Figure 2B ) show up indicating the generation of gaseous products, likely PF 5 . At room temperature, an equilibrium exists:
LiF(s) PF (g) 6 5 Instantaneously, lithium ions react with an Au electrode to form a thin Li−Au alloy layer (highlighted by red arrows in Figure  2C ). Then, the reaction front propagates quickly along the electrode's longitudinal direction with an increase of the Li−Au layer thickness. It indicates that there is a volume expansion when Li reacts with an Au electrode to form an intermetallic compound. Besides the propagated Li−Au alloy, a large bubble is generated by continuing to decrease the negative bias on the active Au electrode. When the Li−Au alloy layer thickness increases to 740 nm, the decomposition of LiPF 6 /EC/DEC electrolyte reaches a peak in the form of gas volume ( Figure  2D ). Dendritic branches nucleate between the two bubbles in the electrolyte ( Figure 2E ). Subsequently, the lithium dendrites (highlighted by blue arrows) grow rapidly on the Li−Au alloy layer ( Figure 2F −G). The lithium dendrite preserves the shape about 1 s, and then localized Li stripping occurs at the tip of dendrite structure when the voltage is swept back from −3 to 0 V. The dendrites can be dissolved by sweeping the voltage back to −2.85 V particularly ( Figure 2H ). This corresponds to an increased electric current measured by a CHI electrochemical working station ( Figure 2K ). Eventually, the branches almost disappeared, and the Li−Au alloy thickness was reduced from 775 to 339 nm ( Figure 2I ). The thickness of Li−Au alloy does not change drastically at the later stage ( Figure 2L ). Our observation of lithium dendrite growth from the base point of the passivation film is consistent with the previous study. During stripping, the dissolution of plated lithium starts from the tip and the kink points as a reverse process of plating ( Figure 2M ).
3 Figure 3 shows the structure evolution of the SEI film grown on left side electrode (also see Movie S2), which is from the reduction of electrolyte. In this experiment, the potential applied between the two electrodes is cyclic voltammetry with a voltage range of 4 to 0 V and a scan rate of 0.1 V/s ( Figure S1 ). It is noted that before this positive sweeping (4 to 0 V) on the right electrode, we already did negative sweep (0 to −3 V) on the right electrode. Therefore, while Li−Au alloying and lithium dendrite growth proceed on the right electrode, electrolyte oxidation also occurs on the left electrode, and a thin layer of oxidation film (100 nm) can form on the left electrode. To prove that this oxidation film on left electrode did not change with the same applied voltage program, another round of negative sweep (0 to −3 V) was implemented on right electrode, the recorded movie on left electrode shows that the oxidation film preserves the same morphology with no thickness changes. In this case, a thin oxidation layer is deposited on Au electrode with compact contact. No gap between the thin layer and the Au electrode is observed ( Figure  3A−B) . Subsequently, a gap between the SEI film and the electrode starts to grow ( Figure 3C ). Generally speaking, when SEI film is formed on the surface of the active electrode, it protects the electrolytic solution and other battery components from undesirable reduction or oxidation. However, during SEI formation with the reaction of active electrode material, gas can be produced. 27 Defects and strain in the SEI film may also contribute to the peeling of SEI from Au electrode. The emerged void expands quickly from 0 to 10:00 s. Then, the growth rate slows down in the time range from 10 to 40 s ( Figure 3H ), which indicates the gaseous products evolution almost stops when the applied voltage is zero.
The evolution of thickness and projected area of the SEI film with time are shown in Figure 3G . An initial fast growth of SEI film is observed, and the growth rate drops to almost zero when the voltage is decreased to 0 V. Then, the SEI film maintains at the thickness of about 200 nm. This suggests that the electron mobility is low and the rate of SEI film growth is limited by transport of electrons through the film. The observed SEI is consistent with reports of the SEI layer with layer thickness on the order of 100 nm. In these reports, 4, 28 two distinct layers with an inner layer of 1.5−2 nm 4,28 and an outer layer of 100 nm were formed. 28 Previous studies suggest that the inner layer is a compact polycrystalline layer including inorganic products of Li 2 CO 3 , LiF, Li 2 O, and LiCl and the outer layer is a porous, amorphous outer layer formed by partially reduced organic products, for example, (CH 2 OCO 2 Li) 2 , ROLi, and RO-CO 2 Li, 29, 30 where R is an organic group that depends on the solvent. However, we cannot distinguish these two layers by an in situ TEM observation. Based on our experimental results, SEI is not just a reduction of electrolyte, but also oxidizing species on the surface of electrode, which is consistent with previous literature. 4 A further detailed in situ composition analysis of SEI is needed to elucidate the chemical composition and electronic states.
We have also conducted energy dispersive X-ray spectroscopy (EDS) mapping of the reacted right side electrode ( Figure  4A−D) . The Au, C, and O maps clearly show the elemental distribution of the reacted Au electrode. Some Au materials sparked away from the electrode, which indicates that Au reacts with a lithium ion and forms a Li−Au alloy layer. Here, we need to mention that SEI formation is also expected to occur on the right side electrode where Li−Au alloying proceeds, and we cannot separate these two processes just from image contrast. However, since cyclic voltammetry ramps the potential quickly in the negative direction on the right electrode to −3 V, the severe reaction accompanied with large volume expansion make it clear that the reaction is dominant by Li−Au alloying.
We did parallel ex situ experiments to confirm the composition and crystal structure of the lithiated Au. Using the same biasing cell operated in air, we found that Li 2 O can be produced; see the selected area electron diffraction (SAED) pattern with Li 2 O (311), (220), and (111) rings in Figure  S2A −B. This suggests that lithium can be plated on the electrode during the charge cycles and they were oxidized when the reaction was exposed to air. The same, when a single crystal Au nanowire is used in ex situ conditions, both morphology and crystal structure are observed ( Figure S3A−C) . The electron diffraction pattern confirms the face-centered cubic (fcc) structure of the Au crystal (space group Fm3̅ m) ( Figure  S3C ). After cyclic voltammetry, the initially straight Au nanowire becomes a twisted with meandering morphology ( Figure S3D ). These wavy Au nanowires suggest stress can be generated from deformation of microstructures upon lithiation ( Figure S3D−F) . Figure S4A −B shows a magnified high-angle annular dark-field imaging (HAADF) of a lithiated Au wire with a meniscus shape. This expanded and warped Au nanowire exhibits a charcoal gray because of heavy lithiation, which is distinctively different from the Au nanowire with light lithiation displaying pale gray. The boundary between the heavy and the light lithiated Au nanowire is marked in red dashed lines. We also observed lots of small grains in the uniform matrix, which suggests that the lithiated Au nanostructure is inhomogeneous with phase segregation. Using a selected area electron diffraction pattern, we further identified the phases of the Li− Au section, as shown in the Li 15 Au 4 phase marked by the red circles ( Figure S4C ). 31 The blues circles attribute to the original cubic structure of Au (space group Fm3̅ m). The atomic resolution of Au and Li ordering in an electrochemical treated Au nanowire reveals that a L1 2 (Au 3 Li) Li−Au structure in coexistence with the pure Au lattice (111) lattice planes 32, 33 ( Figure S4D ). From the spatially resolved EELS spectra ( Figure  S4E−F) , the Au core with Li−Au alloy shell can be achieved. The Li concentration profile can be extracted by integrating the near edge signal from 56 to 65 eV as shown in Figure S4F . The poor jump ratio and low cross section of the Au O edge as compared to these of Li K edge allow us to ignore the contribution from Au in this energy range ( Figure S5 ). We can see the Au concentration is almost the same without obvious deviation along the red dashed line of the cross section of the Au nanowire. However, the Li concentration is lower in the center of the Au wire, indicating that the electrochemical lithiation starts from the surface of the Au wire and then propagates toward the core.
It is noted that, although we have accomplished the real time imaging of electrochemical reactions in commercial electrolyte for lithium ion batteries using TEM, there are still drawbacks in the current setup. For instance, since lithium metal source was lacking inside the liquid cell to supply the consumed lithium ions during reactions, it is expected that the concentration of Li ions in the electrolyte changes during the reaction. The total lithium consumption in the electrolyte has been estimated (SI). However, such changes do not drastically affect the key electrochemical processes. We have observed SEI formation, lithium dendrite growth, and lithiation and delithiation of electrode materials under an applied cyclic voltammetry, which prove that electrochemical liquid cell can be extremely useful for the study of issues related to lithium ion batteries. For the next electrochemical liquid cell TEM experiments, adding a lithium metal source and an additional reference electrode into the electrochemical liquid cell are necessary for direct comparison between the electrochemical processes under TEM and that in real lithium ion batteries.
Additionally, we would like to point out that electron beam effects are unavoidable in the electrochemical cell TEM experiments since an electron beam is the necessary source for imaging. However, beam effects can be minimized at the reduced electron dose during imaging. Solvated electrons and/ or free radicals can be generated as the electron beam passes through the electrolyte in the liquid cell. Generally speaking, the solvated electrons can reduce Li ions in the electrolyte, which could introduce precipitation of Li in the electrolyte solution. However, under current imaging conditions with moderate electron current density (about 5 × 10 2 electrons· Å −2 ·s −1 ), no obvious precipitation of Li particles or clusters is observed in the solution. To confirm that the lithium deposition and bubble formation are not caused by e-beam irradiation, we also did control experiments, and the results show that without an applied cyclic voltammetry, neither bubble formation nor precipitation of lithium occurs. Despite electron beam effects are complex and difficult to quantify, our extensive experiments have proved that beam effects can be negligible. The SEI formation, Li dendrite growth, and Li−Au reactions can only be achieved when cyclic voltammetry is applied in the electrochemical liquid cell. Therefore, this work on electrochemical reaction at electrode−electrolyte interfaces in LiPF 6 /EC/DEC electrolyte under TEM is valuable for the understanding of electrochemical processes in general.
In summary, an electrochemical liquid cell for in-situ TEM observation is developed via Au lithiation in commercial LiPF 6 / EC/DEC electrolyte. We captured the inhomogeneous lithiation of Au electrode, lithium metal dendritic growth, electrolyte decomposition, and SEI formation that are relevant to real lithium ion batteries. This work is a proof-of-concept that real electrolyte for lithium ion batteries can be used for in situ liquid cell TEM studies. Future work involves adding the third reference electrode, using real electrode materials, and so forth. There is no doubt that electrochemical liquid cell TEM provides a powerful platform for the study of fundamental aspects of electrochemical processes for lithium ion batteries. 
